INTRODUCTION
The human cytomegalovirus (HCMV) encodes fourteen putative G protein-coupled receptors (GPCRs), which constitute about 7 % of its genome, implying that these receptors serve an important role in HCMV biology (Browne et al., 1992; Chee et al., 1990; Rigoutsos et al., 2003; Welch et al., 1991) . One of these GPCRs, pUS28, stimulates smooth muscle cell migration and promotes cellular proliferation, but is not required for viral replication in vitro (Bodaghi et al., 1998; Maussang et al., 2006; Streblow et al., 1999; Vieira et al., 1998) . Rodent cytomegaloviruses encode the related GPCRs, pM33 and pR33, which like HCMV pUS28 are not essential for viral replication in vitro (Beisser et al., 1998; Davis-Poynter et al., 1997) . However, animal studies indicate that the pM33 and pR33 GPCRs are critical for viral dissemination in vivo (Beisser et al., 1998; Davis-Poynter et al., 1997) . It is therefore likely that pUS28 plays a similar role in viral dissemination within an infected human host. More detailed analyses of the biological and signalling activities of pUS28 are required to gain a better understanding regarding how this protein contributes to viral pathogenesis. pUS28 exhibits significant signalling activity, including the ability to activate the phospholipase C-b (PLC-b), the tyrosine kinase c-Src and the small G protein RhoA (Billstrom et al., 1998; Casarosa et al., 2001; Gao & Murphy, 1994; McLean et al., 2004; Melnychuk et al., 2004; Minisini et al., 2003; Streblow et al., 2003; Waldhoer et al., 2002) . pUS28 shares significant homology to C-C chemokine receptors and, accordingly, can bind C-C chemokines, including CCL5/RANTES, CCL2/MCP-1 and CCL4/MIP1b (Bodaghi et al., 1998; Kledal et al., 1998; Kuhn et al., 1995; Neote et al., 1993) . Interaction of C-C chemokines with pUS28 requires the presence of a 6 aa segment between amino acids 11 and 16, as pUS28 mutants deleted for this region are unable to bind chemokine . Although these chemokines bind with high affinity to pUS28, their roles in signalling remain unclear as some pUS28 signalling pathways appear to be chemokinedependent, while others appear to be chemokine-independent (Billstrom et al., 1998; Casarosa et al., 2001; Melnychuk et al., 2004; Minisini et al., 2003; Streblow et al., 2003) . HCMV-infected cells secrete CCL5/RANTES and CCL2/MCP-1, which further complicates issues regarding chemokines and pUS28 signalling activity, as the secreted chemokines could bind to pUS28 and activate it in an autocrine manner (Bodaghi et al., 1998; Michelson et al., 1997; Randolph-Habecker et al., 2002; Taylor & Bresnahan, 2006) . Thus, it remains unclear if the chemokineindependent signalling activity exhibited by pUS28 in HCMV-infected cells is truly due to pUS28 alone or is the result of an interaction between pUS28 and a secreted chemokine.
The current understanding of the pUS28 domains required for signalling comes from studies using transient overexpression systems to express pUS28 mutants Miller et al., 2003; Mokros et al., 2002; Waldhoer et al., 2003) . pUS28 activity has therefore been assessed by overexpressing pUS28 mutants in the absence of an HCMV infection. However, pUS28 activity may be influenced by viral or cellular gene products (e.g. host cell chemokines) expressed in HCMV-infected cells (Bodaghi et al., 1998; Michelson et al., 1997; Randolph-Habecker et al., 2002; Streblow et al., 1999) . Additionally, it is still unclear how the expression levels of pUS28 in many heterologous systems compare with those in HCMVinfected cells and could represent non-physiological levels of pUS28 expression. It is now appreciated that overexpression of signalling proteins has led to spurious conclusions about their functions; it is therefore important to study the effects of pUS28 mutations at physiologically relevant cellular concentrations.
The experiments reported here use HCMV viral recombinants expressing mutant pUS28 proteins to investigate the role of G-protein coupling (using the FLAG-US28/R129A recombinant virus) and chemokine-binding (using the FLAG-US28/DN recombinant virus) in pUS28-mediated signal transduction in HCMV-infected cells.
METHODS
Cell culture. Human foreskin fibroblasts (HFF) and embryonic lung fibroblasts (MRC-5) were purchased from ATCC and maintained in Dulbecco's modified Eagle's medium (Mediatech) supplemented with 10 % Fetal Clone III serum (HyClone) and 1 % penicillin/streptomycin (Mediatech). Cells were grown at 37 uC in a humidified atmosphere of 95 % air and 5 % CO 2 and were used between passages 3 and 20.
Construction of HCMV US28 recombinants. Recombineering at the US28 locus was performed using the red recombinase plasmid pKD46 and the Flp recombinase plasmid pCP20 as described previously (Datsenko & Wanner, 2000) . Escherichia coli harbouring HCMV FIX-BAC (bacterial artificial chromosome) was obtained from G. Hahn (Hahn et al., 2002) . For DUS28 FIX-BAC, PCR primers with homology to the UTRs of US28 were used to amplify an FLP recognition target (FRT)-flanked kanamycin (Kan) resistance gene, the PCR fragment was recombined into parental FIX-BAC and screened for recombination by growth in Kan. For FLAG-US28/DN FIX-BAC, the Kan cassette was first removed from DUS28 FIX-BAC using the Flp recombinase. Primers with homology to untranslated regions (UTRs) of US28 were then used to amplify FLAG-US28/DN, with an FRT-KAN-FRT cassette following the stop codon, and this PCR fragment was recombined into DUS28 FIX-BAC. Recombination was screened by growth in Kan and the FRT-KAN-FRT cassette was later removed using the Flp recombinase. For FLAG-US28/WT and FLAG-US28/R129A, BACs were manipulated using a two-step method. In step one, PCR primers with homology to the UTRs of the US28 were used to amplify a cassette containing a Kan resistance gene and LacZ fragment which was then recombined into FIX-BAC to knockout US28. Recombinants were selected based on Kan resistance and blue colour upon exposure to X-Gal. In the second step, PCR products containing FLAG-US28/WT or FLAG-US28/R129A were recombined into the US28 locus, removing the Kan/LacZ cassette. Recombinants were selected by Kan sensitivity and white colour when plated on X-Gal-containing medium. Two independent recombinant BACs were made for each mutant used in this study. Recombination at the US28 locus was verified by PCR of BAC DNA isolated from E. coli using a standard mini-prep and amplified using primer sets with homology external to the site of recombination at the US28 locus, within the FLAG sequence or the UL146 gene. The sequences of each recombinant, including the US28 locus and regions surrounding the recombination site, were confirmed by automated ABI DNA sequencing (University of Cincinnati). For reconstitution of recombinant viruses, 2610 5 MRC-5 cells were plated in six-well plates and transfected with 2 mg FIX-BAC DNAs using either SuperFect (Qiagen) or Transit IT (Mirus) lipid transfection reagents according to the manufacturer's protocol. Ten days post-transfection, MRC-5 cells were transferred to T-25 flasks and fed with fresh medium every 3-4 days. After the appearance of virus-associated cytopathic effects (CPE), infected MRC-5 cells were mixed with uninfected HFFs and cultured until the CPE reached 100 %. Supernatants containing recombinant viruses were used for the generation of virus stocks. . Forty-eight hours post-infection, medium was removed and replaced with serum-free medium containing 20 mM LiCl for 2 h. Reactions were stopped by aspirating medium, adding 1 ml of 0.4 M perchloric acid, and cooling undisturbed at 4 uC for 5 min. Supernatant (800 ml) was neutralized with 400 ml of 0.72 M KOH/0.6 M KHCO 3 and subjected to centrifugation. Supernatant (1 ml) was diluted with 3 ml distilled H 2 O and applied to freshly prepared Dowex columns (AG1-X8; BioRad). Columns were washed two times with distilled H 2 O; total inositol phosphates were eluted with 4.0 ml of 0.1 M formic acid, 1 M ammonium formate and eluates containing accumulated inositol phosphates were counted in a liquid scintillation counter. Neutralized supernatant (50 ml) was counted in a liquid scintillation counter to measure total incorporated [ 3 H]myoinositol. Data are expressed as accumulated inositol phosphate over total incorporated
Immunoprecipitation and Western blotting. HFFs were seeded in 100 mm dishes at a density of 2.0610 6 cells per plate and either mock-infected or infected with HCMV recombinants at an m.o.i. of 3. Forty-eight hours post-infection, cells were lysed in 1 ml RIPA buffer [150 mM NaCl, 10 mM Tris, 5 mM EDTA, 0.1 % SDS, 1.0 % DOC, 1.0 % Triton X-100 and Complete protease inhibitors (Roche)]. Clarified lysate was saved as whole-cell extracts (50 ml) or incubated with anti-FLAG M2-agarose beads (Sigma) to immunoprecipitate pFLAG-US28 proteins. Beads were washed twice with lysis buffer and eluted using 50 ml Laemmli sample buffer. Whole-cell extracts or FLAG immunoprecipitates were separated by SDS-PAGE and subjected to Western blotting using antibodies directed against the FLAG epitope (sc-805; Santa Cruz), HCMV IE proteins (MAB810; Chemicon) or HCMV pUL44 (a kind gift from John D. Shanley, University of Connecticut, CT). Reactive proteins were detected using the appropriate secondary antibodies in an enhanced chemiluminescence system (ECL; Amersham Biosciences).
Radioligand binding . HFFs were seeded in 12-well plates at a density of 1.5610 5 cells per well and either mock-infected or infected with HCMV recombinants at an m.o.i. of 3. Forty-eight hours postinfection, cells were pre-incubated in the absence or presence of 14 nM unlabelled CCL5/RANTES for 15 min in ice-cold binding buffer (50 mM HEPES, 1 mM CaCl 2 , 5 mM MgCl 2 and 0.5 % BSA).
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I-labelled CCL5/RANTES (Perkin Elmer) was then added to a final concentration of 28 pM and incubated for 3 h at 4 uC. Cells were washed three times in ice-cold binding buffer supplemented with 500 mM NaCl, lysed in 500 mM NaOH and specific binding was evaluated using a liquid scintillation counter.
FACS analysis of cell surface expression. HFFs were seeded in 12-well plates at a density of 1.5610 5 cells per well and either mockinfected or infected with HCMV recombinants at an m.o.i. of 3. Forty-eight hours post-infection, cells were dislodged by trypsinization, washed twice in ice-cold PBS and stained for 2 h at 4 uC in M2-biotin (Sigma) diluted 1 : 100 in FACS staining buffer (PBS supplemented with 0.5 % BSA). Cells were washed twice with icecold PBS and stained for 2 h at 4 uC in streptavidin-phycoerythrin (PE) (BD biosciences) diluted 1 : 100 in FACS staining buffer. Cells were washed twice with ice-cold PBS and analysed using the FL2 channel on a FACSCalibur flow cytometer (BD Biosciences).
RESULTS

Construction of US28/R129A and US28/DN mutant viruses
In order to investigate the pUS28 domains involved in signalling at physiological levels in the context of an HCMV infection, HCMV FIX-BAC containing the genome of the clinical isolate VR1814 was used to create sitedirected mutants of US28 by lambda red-mediated recombination (Borst et al., 1999; Britt et al., 2004; Datsenko & Wanner, 2000; Hahn et al., 2002; Oppenheim et al., 2004; Wagner & Koszinowski, 2004) . Using this methodology, we constructed DUS28, FLAG-US28/WT, FLAG-US28/R129A and FLAG-US28/DN recombinant viruses. pUS28/R129A and pUS28/DN mutants are particularly informative as transient overexpression studies demonstrate that they fail to activate Gproteins and bind chemokines, respectively. US28 was knocked out by inserting an FRT-Kan-FRT cassette into the US28 locus, creating DUS28 FIX-BAC (Fig. 1, top panel) . The Kan cassette was excised using the Flp recombinase and this construct was used to create FLAG-US28/DN FIX-BAC, which lacks amino acids 2-16 (Fig. 1, middle panel) . To create FLAG-US28/WT and FLAG-US28/R129A FIX-BACs, US28 was first knocked out by recombining a Kan/LacZ cassette into the US28 locus. After confirmation of the Kan/ LacZ insertion, the cassette was then replaced by recombination with either FLAG-US28/WT or FLAG-US28/R129A sequences (Fig. 1, lower panel) .
BAC DNA was isolated from E. coli and analysed by PCR for the expected recombination events using primers homologous to the 59 and 39 UTRs of US28 (Fig. 2, top  panel) . Each of the recombinant-generated PCR product is consistent with the predicted size for each mutant. The recombinant FIX-BACs were then subjected to additional PCR analyses using primer pairs that specifically amplify recombinants containing the FLAG epitope (Fig. 2, middle  panel) or amplify the UL146 region as a positive control (Fig. 2, lower panel) . Each of the FLAG epitope-containing FIX-BACs generated the expected PCR product with the FLAG-specific primers, and all FIX-BACs generated the expected fragment for the UL146 region. Next, the entire US28 region in each recombinant was verified by sequencing and the overall integrity of the FIX-BACs was monitored by restriction analyses (data not shown). Each HCMV-FIX recombinant was reconstituted by transfecting FIX-BAC DNAs into MRC-5 fibroblasts, and the resulting supernatants were used to create virus stocks in human foreskin fibroblasts (HFFs) (Borst et al., 1999) . Virus stocks were titred using a standard plaque assay and it was determined that each mutant grew with similar kinetics to the parental HCMV-FIX (data not shown). We have engineered two completely independent clones for each US28 variant to confirm that the phenotypes observed are due to the targeted US28 mutation and not due to second site mutations elsewhere in the genome. A schematic representation of strategies used to manipulate US28 in the FIX-BAC genome is illustrated. Lambda phage red recombination was used to delete the US28 gene (DUS28, upper panel), introduce a FLAG-tagged US28 gene deleted for the chemokine binding domain located between amino acids 2 and 16 (FLAG-US28/DN, middle panel), introduce a FLAG-tagged wildtype US28 gene (FLAG-US28/WT, lower panel), or introduce a FLAG-tagged US28 gene containing a R129A mutation in the Gprotein coupling motif (FLAG-US28/R129A, lower panel). The Kan or Kan/LacZ selectable markers were removed from the final constructs with lambda phage red or Flp recombinases as indicated.
Signalling of pUS28 mutants in HCMV-infected cells
Characterization of pFLAG-US28/R129A and pFLAG-US28/DN expression and chemokine binding in HCMV-infected cells
With the recombinant viruses in hand, we characterized the expression and chemokine-binding profiles of pFLAG-US28/WT, pFLAG-US28/R129A and pFLAG-US28/DN in HCMV-infected cells. The incorporation of the N-terminal FLAG epitope into pUS28 allows us to easily analyse the kinetics of US28 expression and enables us to determine if mutant proteins such as pFLAG-US28/R129A and pFLAG-US28/DN are expressed at levels equivalent to pFLAG-US28/WT. There is some discrepancy in the literature regarding the kinetics of US28 expression, as RT-PCR analyses suggest that it may be expressed as early as 4 h post-infection, while Northern and Western blot analyses suggest that US28 is expressed beginning 24 and 48 h post-infection (Bodaghi et al., 1998; Boomker et al., 2006; Minisini et al., 2003; Mokros et al., 2002; Zipeto et al., 1999) . We infected HFFs with the FLAG-US28/WT recombinant virus at an m.o.i. of 3 and harvested protein extracts at 6, 12, 24 and 48 h post-infection. pFLAG-US28/ WT was immunoprecipitated from infected cell extracts using anti-FLAG agarose beads and analysed by Western blot with FLAG polyclonal antibody. We included the immunoprecipitation step prior to Western blot analyses to enrich for pUS28 protein. In our experiments, pFLAG-US28/WT protein could be detected as early as 6 h postinfection and rapidly increases in quantity between 24 and 48 h post-infection (Fig. 3) . US28 expression reaches maximal levels between 48 and 72 h post-infection (data not shown). For reference, whole-cell extracts were analysed by Western blot for immediate early and early proteins (IE1/IE2 and pUL44) (Fig. 3) (Loh et al., 1999) . Therefore, while a small fraction of US28 may be expressed with immediate-early kinetics at 6 and 12 h post-infection, the majority of pUS28 protein is expressed with early kinetics at 24-48 h post-infection as observed previously (Mokros et al., 2002) .
Each recombinant virus was used to infect HFFs at an m.o.i. of 3 and pUS28 expression was analysed at 48 h Fig. 2 . PCR analyses of HCMV US28 recombinants. FIX-BAC DNAs isolated from E. coli were used as templates in all PCR reactions. Primers with homology to 59 and 39 sequences flanking the US28 coding region were used to amplify the US28 locus (upper panel) by PCR. The primer with homology to the 59 flanking sequence was used in combination with a FLAG-specific primer to verify the addition of an N-terminal FLAG epitope (middle panel). Amplification of the UL146 gene serves as a positive PCR control (lower panel). Fig. 3 . Kinetics of pUS28 expression in HCMV FLAG-US28/WTinfected cells. The pFLAG-US28 protein was immunoprecipitated from HCMV FLAG-US28/WT-infected HFFs (using anti-FLAG M2 agarose beads) and analysed by Western blotting using an a-FLAG polyclonal antibody. Overexposure of the blot enables pFLAG-US28 expression to be detected at 6 h post-infection (upper panels). Whole-cell lysates from the same time points were separated by SDS-PAGE and analysed by Western blotting using an a-IE1/IE2 antibody (lower middle panel) or an a-UL44 antibody (lower panel). Results shown are representative of three independent experiments. post-infection as described above (Fig. 4a, upper panel) . pFLAG-US28/WT and pFLAG-US28/R129A exhibit identical levels of expression and run at the same molecular mass by SDS-PAGE, while pFLAG-US28/DN is expressed at a similar level but runs at a lower molecular mass. pFLAG-US28/DN was expected to migrate faster since it is deleted for amino acids 2-16. Surprisingly, pFLAG-US28/ WT and pFLAG-US28/R129A appear as doublets, while pFLAG-US28/DN migrates as a single band. This suggests that pUS28 may be post-translationally modified at the amino terminus, or that the pUS28 amino terminus is required for modification somewhere else in the protein. This was not examined further, but may be the result of Olinked glycosylation, as proposed by Casarosa et al. (2005) . Extracts prepared from cells infected with each mutant were analysed for IE1/2 expression as a control to demonstrate equivalent infection with each recombinant virus (Fig. 4a, lower panel) .
The ability of each pUS28 mutant to bind to C-C chemokines during HCMV infection of HFFs was then assessed using (Fig. 4b) . Cells infected with the FLAG-US28/R129A virus bound CCL5/RANTES at 51 % of the levels exhibited by the FLAG-US28/WT virus. In contrast, cells infected with the FLAG-US28/DN virus were completely defective in [ 125 I]CCL5/RANTES binding. Importantly, the results with the pFLAG-US28/DN mutant in HCMV-infected cells are consistent with ligand binding experiments performed in transfected cells expressing pUS28/DN and indicate that amino acids 2-16 of pUS28 play an essential role in chemokine binding . Fig. 4 . CCL5/RANTES binding to pFLAG-US28/R129A and pFLAG-US28/DN in infected cells. (a) Immunoprecipitation followed by Western blotting was performed as described in Fig. 3 to detect expression of the various forms of pFLAG-US28 encoded by HCMV parent, HCMV FLAG-US28/WT, HCMV DUS28, HCMV FLAG-US28/R129A and HCMV FLAG-US28/DN (upper panel). Whole-cell lysates from the same samples were subjected to Western blotting using an a-IE1/IE2 antibody (lower panel). Results shown are representative of three independent experiments. (b) HFFs infected as described in (a) were incubated with 28 pM [ 125 I]CCL5/ RANTES in the absence or presence of 14 nM unlabelled RANTES to discriminate between specific and non-specific binding. The data shown represent specific binding of [ 125 I]CCL5/RANTES as assessed by liquid scintillation chromatography and are derived from three independent experiments performed in duplicate. (c) HFFs were infected with HCMV DUS28, HCMV FLAG-US28/WT, HCMV FLAG-US28/R129A or HCMV FLAG-US28/DN for 48 h. Surface expression of pFLAG-US28 on infected cells was detected by staining with FLAG-specific M2-biotin, followed by streptavidin-PE and analysed by FACS. The histograms shown are representative of at least four independent experiments performed in duplicate.
We next sought to investigate the ability of the pUS28 mutants to accumulate on the cell surface in HCMVinfected HFFs. Although pUS28 undergoes constitutive internalization and is largely localized to intracellular vesicles, we are able to detect cell surface expression of pFLAG-US28/WT using anti-FLAG antibodies in FACS experiments (Fig. 4c, upper panel) . pFLAG-US28/R129A exhibited similar levels of cell surface expression (116±22 %) in comparison with pFLAG-US28/WT (Fig. 4c, middle panel) . pFLAG-US28/DN, however, was partially defective in its ability to accumulate on the cell surface (16±5 %) in comparison with pFLAG-US28/WT (Fig. 4c, lower panel) . Since pUS28 does undergo constitutive internalization, it is unclear if the decreased cell surface expression of pFLAG-US28/DN is due to faster internalization kinetics or perhaps becomes partially trapped as it traffics to the plasma membrane.
pUS28 signalling to PLC-b in HCMV-infected cells requires G-protein coupling, but not chemokine binding pUS28 is a potent activator of PLC-b, resulting in high levels of inositol phosphate (InsP) accumulation; however, the domains in pUS28 required for this activity in HCMVinfected cells remain unknown.
Therefore, we utilized the HCMV-FIX US28 recombinant viruses to address issues regarding the influence of Gprotein coupling and chemokine binding on pUS28-stimulated PLC-b signalling in HCMV-infected cells. HFFs were uninfected or infected at various m.o.i. with the parental HCMV-FIX or with the FLAG-US28/WT recombinant and PLC-b signalling was assessed at 48 h post-infection by measuring the accumulation of total inositol phosphates (InsP). The FLAG-US28/WT recombinant exhibited a dose-dependent induction of InsP accumulation indistinguishable from that of the parental virus (Fig. 5a ). This indicated that the N-terminal FLAG epitope did not affect pUS28 signalling and we therefore utilized the FLAG-US28/WT recombinant as the control virus for all subsequent experiments. We also compared signalling in DUS28-infected cells with FLAG-US28/WTinfected cells (Fig. 5b) and, similar to the results of Minisini et al. (2003) , we observed no InsP accumulation with the DUS28 virus. These data confirm that the InsP signalling we observe in HCMV-FIX-infected cells is solely due to pUS28 and provides the basis for our analyses of InsP signalling induced by the pFLAG-US28 mutants.
A highly conserved feature among G protein-coupled receptors is the presence of an aspartate-arginine-tyrosine (DRY) motif in the second intracellular loop. The DRY motif is necessary for the exchange of GDP for GTP on the Ga subunit of the heterotrimeric complex, and thus is critical for GPCR-mediated signalling. This highly conserved motif is present in many of the herpesviral GPCRs, including pUS28, and is necessary for pUS28 signalling to PLC-b in transfected cells (Pleskoff et al., 2005; Waldhoer et al., 2003) . HFFs infected with FLAG-US28/WT or FLAG-US28/R129A viruses were assessed for pUS28-stimulated InsP signalling at 48 h post-infection (Fig. 6a) . Cells infected with the FLAG-US28/R129A virus exhibited very low levels of InsP accumulation, indistinguishable from DUS28 infection at each m.o.i. tested (P,0.05). These results indicate that this conserved DRY motif is critical for pUS28 activation of PLC-b signalling in infected cells and indicate that pUS28 action is mediated by traditional, G protein-dependent events.
Addition of exogenous CCL5/RANTES to HCMV-infected cells does not enhance pUS28-stimulated PLC-b activity, suggesting that pUS28 activates PLC-b constitutively (Minisini et al., 2003) . However, HCMV-infected cells are known to produce CCL5/RANTES and CCL2/MCP-1, and therefore the potential effects of these chemokines in facilitating pUS28-induced PLC-b signalling in an autocrine fashion have not been directly examined (Bodaghi et al., 1998; Michelson et al., 1997; Randolph-Habecker et al., 2002) . The chemokine-binding domain deficient FLAG-US28/DN recombinant virus provides an important reagent to directly examine the potential effects of chemokine binding on pUS28 signalling activity. HFFs were uninfected or infected with the FLAG-US28/DN virus and signalling was compared with cells infected with the FLAG-US28/WT virus at 48 h post-infection (Fig. 6b) . Cells infected with the FLAG-US28/DN virus exhibited 43 % of the InsP accumulation induced by the FLAG-US28/WT virus at an m.o.i. of 0.03 (P,0.05) and 78 % of the InsP accumulation induced by the FLAG-US28/WT virus at an m.o.i. of 3.0 (P,0.05). These results indicate that, in infected cells, chemokine binding to pUS28 is not required for high levels of pUS28-stimulated signalling through the PLC-b pathway.
DISCUSSION
Our studies are the first to explore pUS28 function in HCMV-infected cells using recombinant viruses expressing site-directed mutants of pUS28. Using these recombinant viruses, we demonstrated that pUS28-induced PLC-b signalling in HCMV-infected cells is dependent on Gprotein coupling, but not dependent on chemokine binding. Prior to the studies presented here, our understanding of the functional domains present in the pUS28 protein has come from experiments performed by transiently overexpressing pUS28 mutants in HCMVnegative cell lines Miller et al., 2003; Pleskoff et al., 2005; Waldhoer et al., 2003) . While these studies laid the foundation for understanding US28 function, they do not take into account the interaction of pUS28 with the rest of the viral gene products. Moreover, HCMV infection may cause physiological changes in the host cell such as altered expression of G-protein regulators, which in turn could potentially affect pUS28 signalling activity. Utilizing these recombinant viruses, our results are quite similar to those reported using heterologous expression systems, suggesting that other viral gene products do not in fact influence pUS28 signalling through the PLC-b pathway. However, future experiments may reveal differences in pUS28 activity between infection and overexpression studies when different pUS28-specific signalling pathways are analysed.
Our analysis of pUS28 wild-type and mutant proteins during HCMV infection allows us to correlate many important biological properties, including PLC-b signalling, chemokine binding and localization to the plasma membrane. Cells infected with the FLAG-US28/R129A Fig. 6 . pUS28 requires the G-protein coupling motif, but not the chemokine binding domain for signalling through the PLC-b pathway in HCMV-infected cells. HFFs were infected with increasing m.o.i. (0.03 to 3.0 p.f.u. per cell) using HCMV FLAG-US28/WT or HCMV FLAG-US28/R129A (a), and HCMV FLAG-US28/WT or HCMV FLAG-US28/DN (b). Medium containing 1 mCi ml "1 [ virus failed to signal through PLC-b and bound 51 % of the CCL5/RANTES in comparison with the FLAG-US28/WT virus. FACS analysis revealed that pFLAG-US28/R129A and pFLAG-US28/WT are similarly expressed on the plasma membrane, indicating that both proteins should equally be exposed to chemokine. The modest decrease in chemokine binding observed in FLAG-US28/R129A-infected cells is likely due to a conformational change in pUS28/R129A, which alters the ligand affinity as has been observed for several GPCRs with mutations in their DRY box (Bennett et al., 2000; Chung et al., 2002; Rhee et al., 2000) . pFLAG-US28/DN signalling to PLB-b remains quite robust (78 % compared with pFLAG-US28/WT at an m.o.i. of 3.0). However, pFLAG-US28/DN was completely defective in CCL5/RANTES binding, which is expected from studies reported in Casarosa et al. (2005) . Interestingly, pFLAG-US28/DN is partially defective in its steady-state cell-surface expression in comparison with pFLAG-US28/WT. Therefore, we attribute the slight defect in pFLAG-US28/ DN-induced PLC-b signalling to the reduced steady state levels of pFLAG-US28/DN compared with pFLAG-US28/ WT.
The ability of pUS28 to signal so potently through PLC-b in the absence of chemokine binding is an important diversion from events occurring with most cellular GPCRs. While there are several reports of agonist independent signalling for cellular receptors, this signalling is usually far more conservative than that exhibited by pUS28 (Carroll et al., 2001; Quitterer et al., 1996; Seifert & Wenzel-Seifert, 2002) . Although pUS28-dependent PLC-b signalling does not require chemokine-binding, several other pUS28-dependent signalling pathways, including RhoA and cSrc, do appear to require chemokine (Melnychuk et al., 2004; Minisini et al., 2003; Streblow et al., 2003) . Our mutants will be particularly interesting in future studies aimed at understanding how pUS28 activates molecules such as RhoA and c-Src on a more mechanistic level. It is tempting to speculate that pUS28 may be coupled to G q / PLC-b in a chemokine-independent manner and then switch to G 12 /RhoA in the presence of chemokine.
HCMV recombinants expressing mutant pUS28 proteins will allow us to continue to investigate pUS28 signalling in the context of viral infection and will facilitate the analyses of biological activities of pUS28 including cellular proliferation and migration.
